Directional field-induced metallization of quasi-one-dimensional Li .9Mo6Oi7 



X. Xu 1 , A. F. Bangura 1 , J. G. Analytis 1 ' 2 , J. D. Fletcher 1 , M. M. J. French 1 , 
N. Shannon 1 , J. He 3 , S. Zhang 3 , D. Mandrus 4 , R. Jin 4 ' 5 and N. E. Hussey 1 
1 H. H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, BS8 1TL, U.K. 
2 Geballe Laboratory for Advanced Materials, Stanford University, Stanford, California 94305-4045, USA. 

3 Department of Physics and Astronomy, Clemson University, Clemson, SC 29631 USA 
4 Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831 and 
5 Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996 

(Dated: May 1, 2009) 

We report a detailed magnetotransport study of the highly anisotropic quasi-one-dimensional 
oxide Lio.gMo60i7 whose in-chain electrical resistivity diverges below a temperature T m in ~ 25 K. 
For T < T m in, a magnetic field applied parallel to the conducting chain induces a large negative 
magnetoresistance and ultimately, the recovery of a metallic state. We show evidence that this 
insulator/metal crossover is a consequence of field-induced suppression of a density- wave gap in a 
highly one-dimensional conductor. At the highest fields studied, there is evidence for the possible 
emergence of a novel superconducting state with an onset temperature T c > 10 K. 



Low-dimensional interacting electron systems provide 
a rich playground for physicists due to the wide variety 
of quantum ground states that they exhibit, particularly 
when these states can be manipulated and explored un- 
der accessible laboratory conditions. Magnetic fields, for 
example, have proved an invaluable tool in the study of 
quasi-one-dimensional (quasi- ID) systems in which the 
Zeeman or orbital effects are comparable with the inter- 
chain coupling strength t±. Indeed, magnetotransport 
studies on both organic and inorganic quasi- ID com- 
pounds have uncovered a wealth of novel phenomena 
including field-induced spin density wave (SDW) cas- 
cades (H , dimensional crossovers Q , charge density wave 
(CDW) suppression [3[ and CDW enhancement [4|]. 

Here we report the observation of a new field-induced 
phenomenon in a quasi- ID system, namely a highly 
orientation-dependent insulator/metal crossover in the 
molybdenum oxide bronze Lio.gMoeOir (LMO). LMO is 
metallic at room temperature, semiconducting below a 
temperature T m i n ^ 25 K and superconducting below 
T c ~ 1.8 K The origin of the resistive upturn below 
T m i n has not yet been resolved, with CDW formation, 
SDW formation and strong localization all put forward as 
possible origins of the metal-to-insulator crossover. With 
a magnetic field applied parallel to the most conduct- 
ing direction (H||6), a large negative magnetoresistance 
(MR) is observed which ultimately restores the metal- 
lic state. Analysis shows that this novel insulator/metal 
crossover is driven by Zeeman splitting of the gap associ- 
ated with an ordered state, presumably a CDW or SDW. 
Whilst Zeeman splitting is essentially isotropic, any field 
component transverse to the chains is found to have a 
secondary, competing effect on the density wave gap that 
acts to preserve the insulating state. At the highest fields 
(H||6), the resistivity drops sharply, heralding a possible 
transition into a novel, highly unidirectional supercon- 
ducting state with an onset temperature that is signifi- 
cantly enhanced compared with the zero-field value. 



LMO crystals were grown by a temperature gradient 
flux technique [6] and cut into bar-shaped samples with 
the longest dimension parallel to the 6-axis. Gold con- 
tacts were then sputtered onto the crystals in a config- 
uration designed to minimize any possible voltage drop 
across the least-conducting axes, as shown schematically 
in Fig. [T^i. The MR measurements were performed for 
different field orientations up to 13 T in Bristol, up to 30 
T at the HMFL in Nijmegen, Holland and up to 45 T at 
the NHMFL in Tallahassee. 

Fig. la shows the in-chain electrical resistivity Pb(T) 
of one of the LMO crystals used in this MR study, la- 
belled hereafter #1. Whilst the T-dependence is typical 
of those reported in the literature, the absolute value of 
pb at room temperature (0.4 mDcm) is significantly lower 
than previous reports. We attribute this to the improved 
shorting out of the orthogonal current paths. The cor- 
responding dc electrical anisotropy (p c > p a ~ lOOpb) is 
comparable with the optical anisotropy reported by Choi 
et al. [7] , thus confirming the extreme one-dimensionality 
of LMO. For T min < T < 300 K, p h (T) is approximately 
T-linear. Below T m i n , Pb{T) follows activated-like behav- 
ior associated with a T-dependent gap of order 1 meV 
at K, as shown in the inset to Fig. We note that 
this gap value lies below the far-infrared frequency cut- 
off of optical measurements reported thus far on LMO 
@, and is therefore consistent with the absence of any 
gap-like features in the optical response below T m i n . 

No trace of superconductivity could be detected in zero 
field in either of the samples featured in this report down 
to 0.6 K. In earlier work, Matsuda et al. showed that T c 
in LMO correlated with the magnitude of the resistivity 
upturn, as defined by the ratio p(2K)/p(T m i n ) [9]. Ac- 
cording to their measurements, values of the ratio larger 
than 10 are sufficient to halve the zero-field T c . For our 
crystals, p(2K)/p(T min ) > 20 and T c < 0.6 K, consistent 
with this correlation, the origin of which is not yet clear. 
On one hand, it implies some sort of disorder-induced 




FIG. 1: (a) T- dependence of the in-chain resistivity pb(T) of Lio.gMo60i7. Inset: T-dependence of the gap magnitude E g 
extracted from fitting the low-T data to pb(T) = po exp(E g (T)/2kBT). Also shown is a schematic of the electrical contacts, 
(b) Magnetic field dependence of pb(T) of sample #2 for the three orthogonal field orientations at T — 1.6 K. (c) Solid lines: 
Apb/pb for sample #1 with H||6 at different temperatures as indicated. Dots: Representative fits of the low- field (poH < 15 
T) MR curves to Eq. 1. (d) Apb/pb versus {psH /ksT) 2 showing the excellent scaling of the data between 1.6 K and 15 K. 



suppression of T c , e.g due to slight off-stoichiometry. On 
the other, it could also be related to enhanced density 
wave formation; the larger the upturn, the more Fermi 
surface gapping there is and hence the less density of 
states available for superconductivity. A similar corre- 
lation has been reported in (TMTSF) 2 PF 6 and at- 
tributed to the competition between SDW and super- 
conductivity. This interpretation in terms of competing 
states is also consistent with the recovery of metallicity 
(and perhaps superconductivity) in LMO in an applied 
field, to be described in more detail below. 

For T > T m i nj the MR response in LMO is typical 
of a metal; the orbital in-chain MR (current I±H) is 
small, positive and varies quadratically with the applied 
field H, whilst the longitudinal MR (I||H||6) is negligibly 
small. Below T m i n however, the MR response undergoes 
a dramatic transformation and becomes strongly temper- 
ature dependent. The low-T behavior is encapsulated in 
Fig. lb where the MR response (plotted as Ap^/p^) of a 
second crystal (#2) at T = 1.6 K is reproduced. 

For H||6, Apb/pb is large and negative, with p^ falling 
by one order of magnitude in 30 T. (Similar data were 
observed on three other crystals, including one which su- 
perconducted at zero-field). Significantly, Ap(H) is not 
exponential in field (see Fig. lc) as would be expected 
were the resistivity upturn below T m i n due to strong lo- 
calization For H||c, the low- field MR is large and 
positive; pb increasing five- fold for poH = 10 T. The 
MR curve then goes through a sharp maximum and at 
the highest fields measured, becomes negative. The MR 
response for H||a is intermediate between these two ex- 
tremes. Note that at the highest fields, Ap^/p^ is nega- 
tive for all orientations of the magnetic field. 



Qualitatively similar, though less spectacular, 
anisotropic MR behavior was recently reported in the 
quasi-lD cuprate PrBa2Cu408 (Prl24) and attributed 
to the formation of quasi- ID metallic islands sandwiched 
between strong back-scattering impurities [12[. In Prl24 
however, the upturns in p&(T) are relatively modest and 
compatible with localization [13[. Moreover, in contrast 
to LMO, the MR response in Prl24 does not vary 



markedly across T m i n [l2j]. We therefore believe that the 
origin of the MR in both systems is distinct. Indeed, 
the highly non-monotonic field dependence in LMO for 
I±H suggests there are two competing mechanisms at 
work here, one that drives the system more insulating 
and one that destroys the insulating behavior. 

The activated behavior of pb(T) and the large negative 
MR for H || b are reminiscent of features seen in the quasi- 
lD CDW compound (Per)2Au(mnt)2 [3[, where Zeeman 
splitting of the bands at the Fermi level reduces the pair- 
ing interaction and the CDW gap magnitude [14]. The 
predicted form of the low-field MR in the CDW state 
(T < T min ) is 



Apb = 1 (plbHY 
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Fig. lc shows Apb/pb of sample #1 for H||b and 0.7 K 
< T < 26 K. The development of the negative MR with 
decreasing temperature is clearly evident from this plot. 
As indicated by dots in the Figure, the above expression 
accurately describes the form of the low-field MR at all 
temperatures T < 10 K, albeit with prefactors that are 
lower than predicted by a factor of four. More impor- 
tantly, as shown in Fig. Id, the data are found to scale 
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FIG. 2: a) Log-log plot of p b (T) of sample #1 for < /x H < 24 T. b) p fe (T) of #2 at /i # = T (upper red line) and 45 
T (H||6, lower brown line). The arrow indicates T max - Inset: Same data re-plotted on a log- log scale. The horizontal dashed 
lines indicate the noise floor of our measurements, c) pb(T) of #2 for different field values < poH < 45 T as indicated [2pj ] . 
Inset: Field sweep on #2 at T = 0.6 K on a semi-log scale (H||6). Again, the horizontal dashed lines indicate the noise floor 
of our measurements, d) pb(T) of #2 for — 0° (bottom line) and 10° (top line) where is rotation within the frc-plane. 
e) Corresponding phase diagram for LMO with H||6. E g (0) values for #1 were obtained from activated- type fits to pb(T) as 
illustrated in Fig.[TJi, the T max values were obtained for #2 from the maxima in pb(T) (see Fig. 2c) whilst the T m id values were 
obtained from the midpoint of the downturns in pb(T). The dashed blue line is a mean- field fit to the E g (0) data. The straight 
dashed lines are guides to the eye. 



with (hbH /ksT) 2 over a decade in T. Given the simplic- 
ity of the model (single, field-independent gap), this ex- 
cellent agreement with the model is compelling evidence 
that gap suppression due to Zeeman splitting completely 
describes the MR response in LMO for H||6. 

In a perpendicular field, orbital effects also influence 
the residual carriers. The magnitude of the MR in LMO 
for H||c (Fig. lb) however is too large to be simply a 
continuation of the conventional orbital MR seen above 
T m i n . In a quasi- ID system, the Lorentz force induces a 
sinusoidal real-space modulation of the carrier trajectory 
along the chains with an amplitude in the orthogonal di- 
rection that shrinks as H increases [l6[. This effective 
one-dimensionalization can have one of two effects; an 
increase in the effective nesting of the opposing Fermi 
sheets or a transition to a pure ID state in which 
impurities have a much more profound effect on the lo- 
calization of the (remnant) carriers [13] • Both processes 
are predicted to induce a large positive MR for I||6. When 
combined with the (isotropic) Zeeman effect that causes 
the gap to collapse at sufficiently high fields, both the ori- 
entation and non-monotonic field dependence of Apb/pb 
in LMO can be understood on a qualitative level. 

This coherent description of the MR response in LMO 
in terms of CDW suppression appears at odds with the 
lack of evidence from structural [l8[, thermodynamic Q 
or optical studies 0, HI of a genuine phase transition 
in LMO at T = T m i n . From recent thermal expan- 
sion studies, dos Santos et al have concluded that the 
non-metallic response in LMO is due to a CDW insta- 



bility dominated by electronic interactions, rather than 
the more conventional phonon-induced (Peierls) instabil- 
ity [l8[- As a result, no major structural modification 
occurs below T min . A strictly ID Tomonaga-Luttinger 
liquid with commensurate filling is also susceptible to a 
transition to a Mott insulating state, and similarly, the 
opening of a Mott gap might also give rise to an activated 
form of the resistivity [19] in the absence of a structural 
transition. However, at present, relatively little is known 
about how the Mott gap in a ID system evolves in a 
magnetic field. 

At the lowest temperatures studied, pb of #1 is seen 
to fall by more than two orders of magnitude for H||6. 
As shown in Fig. 2a, this is sufficient to drive the system 
metallic, in the sense that pb(T) extrapolates to a finite 
value as T — > K. To our knowledge, such field-induced 
metallization, observed in three different crystals, has 
never been observed in any other quasi- ID system. 

Finally, in sample #2, a striking new feature in the 
physics of LMO is uncovered beyond the field range where 
the insulating state is suppressed. Fig. 2b shows Pb(T) 
of sample #2 measured in zero field and an applied field 
of 45 Tesla (H||6). A sharp downturn in the high- field 
resistivity is observed below a temperature T max > 10 K, 
located by an arrow in Fig. 2b. These data are re-plotted 
logarithmically in the inset of Fig. 2b. As shown here and 
more clearly in the inset of Fig. 2c, the resistivity falls 
below the noise floor of our measurements, implying a 
zero-resistive state at the lowest temperatures and high- 
est fields. The evolution of Pb(T) between the resistive 
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and zero-resistive state with increasing field strength is 
illustrated in the main panel of Fig. 2c [20]. The presence 
of additional maxima and minima at intermediate fields 
suggests the existence of two competing phases, e.g. den- 
sity wave formation and superconductivity, as opposed to 
a more prosaic insulator/metal crossover. 

This putative superconducting state is highly depen- 
dent on the orientation of the applied field. As shown in 
Fig. 2d, for example, rotating the field 10° towards the 
c-axis is sufficient to restore the resistive state at low T. 
Recall that for H||a and H||c, LMO remains insulating in 
fields up to 30 T (Fig. lb). This highly directional state 
contrasts with the case of (TMTSF^PFe where pressure 
induces a superconducting state in zero-field, albeit with 
anisotropic superconducting parameters [To[. 

The resultant phase diagram, derived collectively from 
measurements on samples #1 and #2, is summarized in 
Fig. 2e. The gap magnitude E g (0) in #1, extracted from 
the T-dependence of pb(T) at different fields (Fig. 2a), 
is plotted as blue circles in Fig. 2e. A mean-field- 
like suppression is observed with a critical field of or- 
der 35 Tesla, consistent with the theoretical prediction 

and T mid , 

the temperature of the mid-point of the transition, are 
plotted for each field value as black squares and trian- 
gles respectively in Fig. 2e. If T max is indeed associated 
with the onset of superconductivity, the onset tempera- 
ture T c ~ T max is significantly enhanced over the corre- 
sponding value in zero-field and intriguingly, appears to 
increase with increasing field. The field at which super- 
conductivity survives is also well above the Pauli para- 
magnetic limit expected for a 10 K BCS superconductor 
(~ l.SksTc/ \±b [ill), implying either strong spin-orbit 
scattering or an unconventional order parameter. 

Field-induced insulator-superconductor transi- 
tions have also been seen in materials, e.g. A- 
(BETS^FeCU [22[, with a strong internal exchange field 
that cancels the depairing effect of the externally applied 
magnetic field - the so-called Jaccarino-Peter compen- 
sation effect. However, susceptibility measurements in 
LMO show no evidence for such strong internal fields 
0. Intriguingly, the recovery of superconductivity and 
the positive slope in dT max /dH are both consistent with 
theoretical predictions for the high-field behavior of a 
re-entrant quasi- ID superconductor, including those 
with triplet pairing 0,111. We note that in LMO 
the application of pressure leads to a insulator/metal 
crossover without significant enhancement of T c , indi- 
cating that magnetic fields influence the ground state 
differently. In the former, pressure presumably enhances 
the three-dimensionality of the system, whilst in a 
parallel magnetic field, Zeeman splitting of the Fermi 
surface(s) suppresses the 2k f density wave without 
a concomitant change in the dimensionality. In this 
regard, it would be instructive to learn whether or not 
the order parameter in zero-field and in the putative 



high-field superconducting state are in fact the same. 
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